We experimentally demonstrate the generation of amplitude-squeezed light in the normal-dispersion regime and measure by direct detection 1.7 6 0.1 dB (33%) and, with correction for linear losses, 2.5 6 0.2 dB (47%) of noise reduction below the shot-noise level. The dependence of the noise behavior on dispersion is investigated both experimentally and theoretically. © 1999 Optical Society of America OCIS codes: 270.6570, 270.5530, 270.1670. Signif icant progress in producing amplitude-squeezed optical soliton pulses with a new experimental scheme has recently been achieved. This scheme, originally proposed 1 and later generalized by Werner, 2 is based on nonlinear pulse propagation in an asymmetric fiber interferometer and is potentially capable of producing large squeezing levels in excess of 10 dB. A high-energy ͑N . 1͒ soliton pulse propagating in fiber has its noise properties modified owing to the Kerr nonlinearity in such a way that correlations develop between the quantum amplitude and the phase f luctuations. Interference of this high-energy pulse with a much weaker pulse will, for appropriate choices of pulse energies and propagation distances, act to project the squeezed component of the quantum noise onto the amplitude f luctuations.
Signif icant progress in producing amplitude-squeezed optical soliton pulses with a new experimental scheme has recently been achieved. This scheme, originally proposed 1 and later generalized by Werner, 2 is based on nonlinear pulse propagation in an asymmetric fiber interferometer and is potentially capable of producing large squeezing levels in excess of 10 dB. A high-energy ͑N . 1͒ soliton pulse propagating in fiber has its noise properties modified owing to the Kerr nonlinearity in such a way that correlations develop between the quantum amplitude and the phase f luctuations. Interference of this high-energy pulse with a much weaker pulse will, for appropriate choices of pulse energies and propagation distances, act to project the squeezed component of the quantum noise onto the amplitude f luctuations. 3 The amplitude-squeezed or the photon-number-squeezed noise can be directly measured by a single detector. In an experimental demonstration of this scheme Krylov and Bergman recently reported a 5.7-dB (73%) reduction, or a 6.2-dB reduction (76%) after correcting for linear losses, in photon-number f luctuations below the shot-noise level, with 180-fs high-energy soliton pulses centered at 1550 nm in a highly asymmetric Sagnac interferometer geometry. 4 Soliton pulses have the distinctive property of acquiring a uniform nonlinear phase shift across the temporal envelope, which provides for the mosteff icient projection and measurement of squeezing. It is, however, not required by the quantum theory of nonlinear pulse propagation that one have a soliton pulse to observe amplitude-noise reduction, and thus the practical scope of the photon-numbersqueezing experiments in optical fibers can be significantly extended. It has been predicted by Werner and Friberg that squeezing can be observed in the normaldispersion regime with the maximum observable noise reduction limited by dispersion-induced temporal broadening. 2, 5 For high pulse energies, squeezing levels of as much as 6 dB have been predicted for relatively short fiber lengths corresponding to only several dispersion lengths. 2 In this Letter we experimentally demonstrate the presence of amplitude squeezing in the normal-dispersion regime by use of a highly asymmetric Sagnac loop geometry and measure a maximum of 1.7 6 0.1 dB (33%) of photon-number squeezing below shot-noise level. Correcting for linear system losses, we estimate the actual amplitude squeezing to be 2.5 6 0.2 dB (47%). We also investigate the dependence of noise behavior on dispersion both experimentally and theoretically and find the results to be in good qualitative agreement.
The experimental setup is shown in Fig. 1 . A Spectra-Physics Opal laser is used as a source of 140-fs (FWHM) sech-shaped optical pulses at a repetition rate of 82 MHz. We can vary the central wavelength of the generated pulses in the 1.4 1.6-mm range by controlling the phase-matching conditions in the nonlinear lithium triborate (LBO) crystal by automatically changing the crystal temperature and the grating angle. We can make slight adjustments to the temperature of the LBO crystal manually to control the spectral bandwidth of the generated pulses and ensure that they are transform limited. We use an asymmetric Sagnac loop conf iguration in which the light is split by a 94͞6 free-space beam splitter and then coupled from both ends into a 1.5-m section of the dispersion-shifted polarization-maintaining optical fiber with a 6-mm core diameter and a zero-dispersion point at 1562 nm. The dispersion of this fiber was carefully measured for the range of the relevant wavelengths by use of a Michelson interferometer apparatus. 6 The two parts of the initial pulse counterpropagate in the fiber and reinterfere at the beam splitter. The photocurrent f luctuations associated with the resulting pulse exhibit either noise reduction or noise amplif ication, depending on the input pulse energy, fiber length, and splitting ratio. These f luctuations are then measured by a balanced receiver (Epitaxx ETX-1000T photodiodes) followed by a Hewlett-Packard HP3588A power spectrum analyzer operated in a zerospan regime centered around 5 MHz with a resolution bandwidth of 17 kHz. We use the subtraction mode of the receiver for shot-noise calibrations, and the summing mode is used for direct detection of the amplitude f luctuations.
We performed several calibrations in fiber as well as in free space, as described in Ref. 4 , to establish accurately the shot noise and the other relevant noise levels to within 0.1 dB. All the values were shown to be consistent with the ones reported in Ref. 4 . The photodiodes were independently calibrated to have their responsitivities matched and their saturation levels accurately established at 26 mW, which corresponds to approximately 70 mW of input optical power into the fiber Sagnac interferometer.
The experimental results are shown in Fig. 2 , in which the squeezing (noise power normalized to the shot-noise level) is plotted versus the optical power entering the loop for wavelengths of 1490, 1505, and 1525 nm. The dispersion parameter b 00 of the fiber for these wavelengths was measured to be 4.85, 3.85, and 2.55 ps 2 ͞km, respectively. The third-order dispersion parameter b 000 was measured to be approximately 0.08 ps 3 ͞km over the range of wavelengths used in the experiment. For all three wavelengths we observe the characteristic oscillations of the noise levels to above and below the shot-noise level, exhibiting the so-called squeezing resonances and antisqueezing peaks. Figure 2 also demonstrates the dependence of squeezing on dispersion. As the effective length of the fiber is varied in units of dispersion length, we observe a change in the frequency of the noise-level oscillation and the locations of the squeezing resonances. The largest noise reduction is observed at 1490 nm, at which we directly measure 1.7 6 0.1 dB (33%) of squeezing for the input optical power of 51 mW into the interferometer, which corresponds to N 5.2 6 0.05 in soliton units. Even though there are no solitons in the normal-dispersion regime, N is still a convenient parameter to use when one is dealing with the normalized nonlinear Schrödinger equation, as discussed below. Taking into account the 80% overall eff iciency, which includes the mode mismatch at the output beam splitter and the 95% detector quantum efficiency, we estimate the total noise reduction to be 2.5 6 0.2 dB (47%). We note that additional power-dependent nonlinear losses, which potentially are due to the geometry of the dispersion-shifted polarization-maintaining fiber, were observed and may have further limited the observed squeezing.
To establish the correct behavior of the noise f luctuations for the different values of the dispersion parameter we performed several numerical simulations based on the previously developed backpropagation method. 7, 8 Since the pulses that were used in the experiment had a spectral bandwidth of 17 nm, the change in b 00 across the spectrum of the pulse is signif icant compared with the absolute value of b 00 , and therefore third-order dispersion had to be taken into account in this low-group-velocity dispersion regime. Raman effects were not included in the simulations and are part of work in progress. 9 The classical propagation equation for an optical pulse in the normal-dispersion regime of optical fiber is
where U ͑z, t͒ is the normalized optical field envelope function; z is the propagation distance; t is the time deviation from the pulse center; b 00 and b 000 are the groupvelocity dispersion and the third-order dispersion parameters, respectively; and g is the Kerr nonlinearity parameter, which for the fiber used in the experiments is estimated to be 3.4 km 21 W 21 . Quantization is performed based on the linearization approximation and the conservation of commutation relations. 8 Quantum noise is then treated as a perturbation to the classical solution to Eq. (1), U 0 ͑z, t͒, and its evolution is described by arms of the interferometer. The two counterpropagating pulses are then interfered, and the result is used as the initial condition for the backpropagation routine. The photon-number variances at the input and the output of the experiment are calculated by numerical solution of the linearized equation for the adjoint system u A ͑z, t͒,
Squeezing can then be calculated as the ratio between the variance in the photon number of the signal at the output of the interferometer and that at the input. The results of the simulations are shown in Fig. 3 . The numerical calculations were performed with normalized units, where the propagation distance was measured in units of dispersion length and the soliton parameter N was used to scale the optical power entering the fiber interferometer. With such scaling, the different wavelengths correspond to propagation of the pulses through different effective lengths of fiber. Thus the experimental results at 1490, 1505, and 1525 nm correspond to propagation distances of 1.1, 0.875, and 0.580 dispersion length units. Figure 3 shows the noise behavior as a function of the input optical power in milliwatts, where we used the standard def inition of the soliton N parameter for convenience to scale the numerical results correctly and consistently. 9 One can see that the numerical and the experimental results are in good qualitative agreement in terms of the locations of the squeezing and antisqueezing regions. The discrepancy in the actual squeezing values most likely is due to the absence of Raman effects in the simulation.
In conclusion, we have experimentally demonstrated a practical scheme for producing amplitude-squeezed light in the nonsoliton regime and measured 1.7 6 0.1 dB ͑2.5 6 0.2 dB after correcting for losses) of quantum-noise reduction. Numerical simulations of the experiments were performed, and the results were found to be in good qualitative agreement with the experiments.
